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Antiferromagnetic long-range order in Cui_^Zna;Ge03 with extremely low Zn 
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We have measured the magnetic susceptibilities of single crystals of Cui-a^Zn^^GeOs with ex- 
tremely low Zn concentration [x) lower than j: = 5 x 10~^ at very low temperatures to investigate 
the spin-Peierls and antiferromagnetic transitions. The results show that the undoped CuGeOs has 
no antiferromagnetic phase down to 12 mK and there exists an antiferromagnetic long-range order 
with the easy axis along the c axis for X down to 1.12(2) x 10"^. The minimum observed Neel 
temperature was 0.0285 K for x = 1.12(2) x 10~^ sample. From the concentration dependence of 
the Neel temperature it is concluded that there is no critical concentration for the occurrence of 
the antiferromagnetic long-range order. This indicates that the dimerization sustains the coherence 
of the antiferromagnetic phase of the spin polarization in impurity-doped systems and is consistent 
with the theory of the impurity-doped spin-Peierls system. The temperature dependence of the 
susceptibilities at T > Tjv of all samples indicates that the magnetic correlations between localized 
spins are enhanced by a relatively large interchain interaction of CuGeOs. 



Low-dimensional antiferromagnetic (AF) systems are 
very attractive because they exhibit various intecesting 
phenomena such as spin-Peierls (SP) transitianjd Hal- 
dane gap,B high-temperature superconductivity.EI Among 
them, the SP transition occurs in one-dimensional AF 
spin systems with spin half [S — 1/2), whose ground 
state has a spin gap as a result of a dimerization of the 
chain. This transition drew much attention by a recent 
discovery of the first inorganic rSP system CuGeOs by 
Hase, Terasaki and UchinokurajCl The compound has an 
orthorhombic crystal structureB which consists of linear 
chains of Cu^+ ions {S = 1/2) along the c axis, well sep- 
arated from one another by Ge-0 chains but still weakly 
coupled antiferromagneticallypiilong the h axis and ferro- 
magnetically along the a axisfl This cuprate has a great 
advantage for the study of the SP transition over the or- 
ganic SP materials, because we can easily study the effect 
of substitution on the SP ttansition.Q Up to now the sub- 
stitutions by Zn2+ {S = 0)eI and Ni2+ (S = 1)0 for Cv?-+ 



and by Si''"'" for Ge^+ (Refs. 10 and 11 ) were performed in 
detail, resulting into the suppression of the SP transition 
and the occurrence of the antiferromagnetic long-range 
order (AF-LRO). Especially, in Cui-aiZn^^GeOa, a neu- 
tron scattering experiment showed a clear evidence_fpr. 
the coexistence of AF-LRO and lattice dimerization£3't^ 
The coexistence is very interesting because these two 
types of LRO's were generally believed to be mutually 
exclusive. However Fukuyama et al. proposed a theoret- 
ical model of impurity-induced AIS-LRO in a SP system 
(in particular for CuGei-^rSia^Oa).!!^ 

At present the AF-LRO is believed to be induced by 
the substitution for Cu^+, which has 5* = 1/2 spin on 
it, by other ions: Zn^"'" {S ^ 0) or Ni2+ (5 = 1) 
etc. (or Ge*"'" {S = 0) by Si"*"^ (5 = 0) in the case 
of CuGci-i^Sia^Os). In this case we may speculate that 



there exists a critical concentration Xc below which AF- 
LRO does not occur even at T = K. An alternative pos- 
sibility is that AF-LRO persists to zero impurity concen- 
tration (no critical concentration). Anyway it is very in- 
teresting to see how extremely dilute substitution causes 
or affects the AF-LRO. Very recently Grenier et alxj 
have performed the measurements on the susceptibility 
of the single crystals of CuGei_2:Sia;03 with small Si con- 
centration (x > 2 X 10"'^) down to 70 mK and observed 
the occurrence of the AF-LRO. But they failed to con- 
firm whether critical concentration exists or not because 
of the uncertainty of Si concentration in low Si-doping 
level (according to them xsi corresponds to xzn/3, see 
the discussion section). 

In the present work, we extended the measurements 
on the magnetic susceptibility of Cui-xZu^jGeOs sin- 
gle crystals down to extremely low Zn concentration of 
X — 1.12 X lO^'^ to determine the behavior of the Neel 
temperature in that region. For that purpose we have 
also extended the temperature region down to 5 mK. 

A series of Cui_2;Zn2:Ge03 single crystals were grown 
using a floating-zone method. No traces of other im- 
purity phases were detected in x-ray diffraction patterns. 
The Zn concentration x was determined with Inductively- 
Coupled-Plasma Atomic Emission Spectroscopy (ICP- 
AES) and Electron Probe Micro Analyzer (EPMA) for 
a; < 5 X 10~^ and x > 5 x 10"'^, respectively. The sam- 
ples for the ultra-low temperature measurements were 
grown, doped with x = 1.12(2), 1.18(2), 2.13(4), 3.08(6), 
3.81(8), 4.91(10)_, 7(2), 13(2), 17(3), 18(3), 21(2), 22(2), 
24(3), 26(2) X 10 ^ Zn, where the values in the parenthe- 
ses are experimental errors, or undoped. 
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FIG. 1. The temperature dependence of x{T) of the sin- 
gle-crystal Cui-:rZnxGe03 with x = 1.18(2) x 10"^. The 
solid curves represent many experimental points for simpUc- 
ity. 

For the measurements below 2 K each sample was stuck 
on a quartz glass with a small amount of N-grease to re- 
duce a background signal. It was immersed in nonmag- 
netic liquid *He which was cooled by way of a sintered 
powder heat exchanger with a combination of '^He-^He 
dilution refrigerator and PrNis adiabatic demagnetiza- 
tion refrigerator. The temperature was determined with 
the germanium and carbon resistor thermometers above 
20 mK and with a platinum NMR thermometer below 
20 mK, both calibrated against the ■^He melting curve. 
Thermal contact between the sample and the coolant was 
found good enough since the susceptibility of the sample 
quickly followed the temperature change of the refriger- 
ator and showed no hysteresis on cooling and warming 
processes above 12 mK. AC susceptibility was measured 
with a SQUID (Superconducting QUantum Interference 
Device) magnetometer where the amplitude and the fre- 
quency of the applied AC field were 5 x lO^'^ mT and 
16 Hz, respectively. To determine SP transition temper- 
atures for all samples, DC susceptibility measurements 
were also performed at H = 0.1 T above 2 K in a sepa- 
rate cryostat. 

The temperature dependence of the susceptibili- 
ties along the b (xbiT)) and c {xc{T)) axes for 
Cui_a;Zn^Ge03 with x = 1.18(2) x 10"'^ is shown in 
Fig. |]. Two phase transitions are clearly seen in Xc{T). 
One is characterized by a rapid drop at around 14.3 K, 
corresponding to the suppressed SP transition by the Zn 
substitution, which was first reported in Ref. 0. The 
other shows a cusp in Xc(T) at around 0.04 K, below 
which Xc{T) decreases toward zero whereas Xb(T) in- 
creases slightly. The anisotropic behavior clearly indi- 
cates that the transition at 0.04 K is the AF (Neel) 
transition with the easy axis parallel to the c axis, as 
was observed in more heavily Zn-doped samplesE A 
similar behavior was observed in the sample with x = 
4.91(10) X 10"'^, so only Xc{T) was measured for the other 
samples. The results for Xc{T) in the low conccntrtion 
region are summarized in Fig. ^. All the samples exhibit 
both the SP and the AF transitions around 14 K and 
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FIG. 2. (color) The temperature dependence of Xc(r) of 
the single-crystal Cui_2,Zna;Ge03 with a; < 5 x 10"'^ in AC 
magnetic field. Numerals denote the Zn concentrations x. 

In the same figure, the result is also given for the un- 
doped sample which was prepared in the same way as the 
doped ones. Although the concentration of impurities is 
extremely low in the undoped sample, it may contain de- 
fects which play the same role as Zn^+ ions. Both the 
impurities and defects cut the dimerized chains of Cu^-*" 
and produce nearly isolated S* = 1/2 states on the bro- 
ken edges in the case of large distance between defects. 
Thus such defects (or Zn^+) cause the increasing sus- 
ceptibility in the spin-Peierls state and we can estimate 
their concentration by the Curie- Weiss fitting. In Fig. ^ 
we show the relation between Zn concentration estimated 
by ICP-AES and those estimated by Curie- Weiss fitting 
in low Zn concentration region (a; < 5 x 10"'^). In spite 
of extremely low Zn concentration, the latter agrees with 
the former within an accuracy of 20%. This shows the 
validity of the determination of Zn concentration. The 
fitting for the undoped sample gives us the effective value 
of a; = 2.3(2) x 10"'''. Its susceptibility seems to saturate 
below 0.012 K. There are two possible reasons for the 
occurrence of this saturation. One is that the undoped 
sample was not cooled below 0.012 K. The other is that 
the susceptibility is indeed constant below 0.012 K, which 
indicates that the AF transition may occur below 0.012 
K. We cannot determine which is the case. But we can 
say that above 0.012 K AF transition does not occur in 
the undoped sample. 

The Neel temperature T/v and SP transition tempera- 
ture Tsp are summarized in Fig. ^ for all samples. The 
behavior of T/v in very low concentration region and the 
appearance of the AF transition at 0.0285 K for such low 
Zn concentration as a; = 1.12(2) x 10^'^ imply that there 
is no critical concentration for the occurrence of the AF- 
LRO. This may come from the fact that the dimerization 
sustains the phase coherence of the spin polarization al- 
though it suppresses the magnitude of the spin polariza- 
tion. 
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FIG. 3. Relation between Zn concentrations estimated by 
ICP-AES and those estimated by Curie- Weiss fitting. 

The absence of critical concentration is also consistent 
with the the theory of the impurity-doped SP system.Eil 
According to this theory, no matter how low the concen- 
tration of the impurity is, it causes the AF-LRO because 
SP state has the LRO of the dimerization. 

In the low Zn concentration (1.12(2) x lO"'^ < a; < 
4.91(10) X 10"^) Tn can be fitted to a formula: 



Tat = Aexp(-B/x) 



(1) 



If we use this, the best fitted value is A = 2.3 K and 
B — 5.7 X 10~^. For the undoped sample (effectively 
X = 2.3(2) X 10~^) Tjv is estimated to be 1 mK or lower, 
which is consistent with our failure to observe an AF 
transition for the undoped sample. 

Now let us discuss the temperature dependence of the 
susceptibilities above Tjy. As shown in Fig. all XciT) 
at T > T^v exhibit a weaker temperature dependence 
than l/T, which indicates that there exists magnetic cor- 
relation between nearly isolated S* = 1/2 states on the 
broken edges. According to a theoretical calculation for 
a ID-AF-Heiseaberg-alternating chain with distributed 
AF interactionlla J, the susceptibility XciT) at low tem- 
peratures is given as 



(0 < a < 1) 



(2) 



where C and a are the constants which depend on the 
distribution of J. The value of a approaches to 1 as the 
magnetic correlation becomes weaker. The best fitted 
value of a is given in Fig. ^ as a function of Zn concen- 
tration X. We can see a general trend that a increases 
with the reduction of x. For x = 1.12(2) x 10~^ where 
the average distance between impurities is about 900c (c 
is the lattice constant along the chain, c = 2.94 A), a is 
still smaller than 1 (a = 0.978). If a coupling between 
these localized spins is generated by the polarization of 
the spin-singlet background, according to Ref. ^ it is 
supposed to appear at 



T* = Tspexp(-i/0 



(3) 



where L and ^ are the average distance between Zn ions 
and the soliton width, respectively. When we use the 



calculated-|Soliton width (^ = 11.8c) for the Si-doped 
CuGe03,y T* for x = 1.12(2) x lO'^ is estimated to 
be 1.1 X 10^"^^ K. This temperature is clearly much lower 
than the temperature range where the magnetic corre- 
lations between localized spins are observed. This fact 
implies that the magnetic correlations between localized 
spins are enhanced by the relatively large interchain in- 
teraction of CuGeOa (Jb = O.lJc). 
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FIG. 4. Tjv and Tsp as a function of Zn concentration x. 
Para, SP and AF represent paramagnetic, spin-Peierls and 
antiferromagnetic states, respectively. Solid curve is the best 
fitted one by Eq. (|l]). The inset shows the same relation in 
the low concentration region in linear scales. 

Recently Masuda et a/.El reported that there are two 
AF phases in Cui_a;Mga;Ge03. One has the dimerization 
and AF-LRO at the same time at x < Xc and the other 
has only AF-LRO at x > Xc- They called the former 
dimerized antiferromagnetic (D-AF) phase and the lat- 
ter uniform antiferromagnetic (U-AF) phase. They found 
a first-order phase transition between the two phases as 
the Mg concentration x changes. The critical concen- 
tration Xc is about 0.023, where the SP transition van- 
ishes. This fact shows that CuGeOs would be a con- 
ventional (classical) antiferromagnet, if there were no SP 
transition. Apparently the dimerization suppresses the 
growth of the AF-LRO by reducing the magnitude of 
the spin polarization. On the other hand the dimeriza- 
tion enhances the coherence of the (AF) phase of the 
spin polarization, because of the existence of the three- 
dimensional LRO of the lattice (dimerization). These 
competing effects of the dimerization seems to determine 
the nature of the impurity-induced AF phase in low con- 
centration region. The introduction of impurities reduces 
the dimerization and at the same time induces the spin 
polarization. Growth of the polarization and the reduc- 



3 



tion of the dimerization induce the AF-LRO at very low 
temperatures, which is the main reason why we can ob- 
serve the AF-LRO in such a low concentration region of 
Cui-j^Zn^GeOs. 
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FIG. 5. The constant a in Eq. (|^ as a function of Zn con- 
centration X. The definition of a is given in the text. 

Until now it has not been so clearly determined 
whether the same phenomenon occurs in Zn-doped 
CuGeOa. However it has been suggested that this phe- 
nomenon is universal in the impurity-doped CuGeOs at 
least when the substitution is done for Cu^"*", whether 
the impurities are nonmagnetic or magnetic (see the dis- 
cussion in Rcf. [l^ ). Apparently the samples studied in 
this paper belongs to D-AF phase if there exist two AF 
phases in Zn-doped CuGeOa. 

Here we compare our work with_.the very recent one by 
Grenier et at on CuGei_a;Sia;03.Ej First we note that the 
systems are different: one is the substitution for Cu^+, 
which has S" = 1/2 spin on it, by Zn^+ {S — 0) and 
the other is the substitution for Ge^+ {S = 0) outside 
the spin chain by Si^"*" {S = 0). However the reduc- 
tion of the SP transition and occurrence of AF-LRO have 
been observed to behave similarly and may be compared. 
As already stated, they measured the susceptibilities of 
their samples with xsi > 0.002 and a; = down to 70 
mK. Their conclusion that the pure CuGeOa does not 
undergo Neel transition and there is no critical concen- 
tration for the occurrence of the AF phase is consistent 
with our conclusion. However if we take their scaling re- 
lation xsi — Xzn/S, our minimum concentration sample 
xzn = 1.12(2) X 10~^ corresponds to xsi ^ 4 x lO^'^, 
which is about 5 times less than that of Ref. |l^ and in 
fact this sample shows Neel transition at Tn = 0.0285 
K, which is one order of magnitude lower than that of 
theirs (Tjv = 0.25 K). Moreover their values of the con- 
centration in the very low concentration region are uncer- 
tain and they drew their conclusion (absence of critical 
concentration) by modifying the concentration values by 
fitting to the suppression of SP transition (see Ref. 15). 
This suggests (and also they themselves stated) that Zn- 
doped CuGeOa is more suitable for this kind of study. 
On the pure CuGeOa sample we measured the suscepti- 
bility down to 5 mK compared to their 70 mK. Therefore 



we may say that our study is extensive on the study of 
AF-LRO in the very low concentration region and that 
our experimental results and conclusion are more firmly 
established than theirs. Another important point is, as 
already stated, Zn-doped and Si-doped CuGeOs may be- 
long to different systems. The phase diagram obtained in 
Fig. 8 of Ref. [ij seems to indicate that there is no first- 
order phase transition between D-AF and U-AF phases 
in Si-doped CuGeOa in contrast to the obseoiation of the 
one in Mg-doped CuGeOa by Masuda et ali3 This casts 
a grave doubt on the belief that the AF phase(s) in the 
both substitution systems for Cu^"*" and for Ge^+ is sim- 
ilar. Therefore it is highly desirable to do the detailed 
experiments in both systems and compare them. 

In conclusion we have revealed how the AF-LRO be- 
haves when the Zn concentration is extremely low. The 
undoped GuGeOa does not have AF-LRO down to 12 
mK. On the other hand, all the Zn-doped samples showed 
AF-LRO. The lowest observed T/v was 0.0285 K in the 
sample with x — 1.12(2) x 10"'^. From the concen- 
tration dependence of T/v we concluded the absence of 
a critical concentration for the occurrence of AF-LRO. 
This may come from the fact that the dimerization sus- 
tains the phase coherence of the spin polarization and is 
also consistent with the theory of the impurity-doped SP 
system.Ej The temperature dependence of the suscepti- 
bilities at T > Tjv indicates that the magnetic correla- 
tions between localized spins are enhanced by a relatively 
large interchain interaction of CuGeOs. 
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